Introduction
deposits in northern Mexico and western United States (Pan and Dong, 1999) .
The geological and geochemical characteristics of the Fenghuangshan deposit have been the subjects of a few previous studies (Shao et al., 2003; Wang et al., 2003; Mao et al., 2004a, b; Yang et al., 2004) , but little is known about the fluid composition and temperature-pressure conditions of the mineralizing system and its evolution. Lai and Chi (2007) reported the occurrence of CO2-rich fluid inclusions with chalcopyrite daughter minerals in one mineralization stage, with emphasis on the implications for metal transport in vapor in general. This paper focuses on the petrographic and microthermometric characterization of fluid inclusions from different stages of hydrothermal activity related to two different episodes of magmatic intrusions. The evolution of the hydrothermal system is discussed in terms of fluid composition and temperature, with particular emphasis on the implications for fluid sources and metal deposition mechanisms.
Geologic Setting and Characteristics

The Middle-Lower Yangtze polymetallic belt
The Middle-Lower Yangtze polymetallic belt spans 560 km in central-east China, ranging from Echeng of the Hubei province in the west to Zhengjiang of the Jiangsu province in the east (Fig. 1) . It is situated along the northern margin of the Yangtze craton and bordered by the Dabieshan ultrahigh pressure metamorphic belt to the north ( Fig. 1 ; Chang et al., 1991; Xu et al., 1992; Pan and Dong, 1999) . Gravitational and aeromagnetic studies suggest that the metallogenic belt was controlled by a regional, deep-seated fracture zone called the Yangtze fracture zone, which extends for approximately 450 km from Daye of the Hubei province to Zhenjiang ( Fig. 1 ; Chang et al., 1991) . This fracture zone is inferred to have been initiated in the Neo-Proterozoic, and reactivated in Late Jurassic to Late Cretaceous, during the Indosinian (Late Triassic) and Yanshanian (Jurassic to Cretaceous) orogenies, in relationship to the convergence between the Yangtze plate and the North China plate. After the two plates collided in the Late Triassic, extensive intermediate to felsic magmatism occurred along the fracture zone, forming a great number of Yanshanian intrusive bodies, Upper Jurassic to Lower Cretaceous terrestrial volcanic and volcaniclastic rocks, and related mineral deposits (Chang et al., 1991; Zhai et al., 1992; Pan and Dong, 1999; Zhao et al., 1999) .
The Yanshanian magmatism in the Middle-Lower Yangtze polymetallic belt is characterized by I-type granitoids (Pei and Hong, 1995) or the magnetite series of Ishihara (1977) . Most Yanshanian granitoid bodies are characterized by high K2O and whole alkali, whole-rock δ 18 O of +8 to +10 per mil, initial 87 Sr/ 86 Sr less than 0.708, and εNd(total) of -10 to -17 , reflecting assimilation-fractional crystallization (AFC) processes (Chen et al., 1993; Pei and Hong, 1995; Xing and Xu, 1996) .
The Tongling Cu (Fe, Au) district
As one of the polymetallic districts in the central segment of the Middle-Lower Yangtze polymetallic belt, the Tongling Cu (Fe, Au) district (Fig. 1) , also called Tongling-Shatanjiao Cu-S-Au-Fe metallogenic subbelt by Zhai et al. (1992) , is associated with a number of Yanshanian magmatic intrusions emplaced in Paleozoic and Mesozoic sedimentary rocks. The stratigraphic column consists, from bottom to top, of three major sedimentary successions, i.e., Lower Silurian to Lower Carboniferous siliciclastic rocks, Middle Carboniferous to Middle Triassic carbonates interbedded with siliciclastic rocks, and the Middle Triassic to Cretaceous siliciclastic and volcanic rocks (Xu and Zhou, 2001) .
Regional-scale structures in the Tongling district are dominantly complex northeast-trending folds with parallel thrust faults along their limbs (Chang et al., 1991; Liu and Peng, 2004) . Yanshanian magmatism is extensive, with 76 intrusions in the east-west-trending Tongling-Daijiahui magmatic belt occupying approximately 10 percent of the area. The main lithologic units of the intrusions are pyroxene diorite, diorite, quartz diorite, granodiorite, and granite porphyry.
The Tongling district is characterized by skarn deposits in the contact zones of magmatic intrusions and strata-bound deposits in the country rocks. Porphyry-type mineralization is generally minor and occurs in the deeper parts of a few deposits (Pan and Dong, 1999) .
The Fenghuangshan deposit
The Fenghuangshan deposit is located in the eastern part of the Tongling district, about 35 km southeast of the city of Tongling. The geology of the area is characterized by a northeast-trending synclinorium intruded by a granodiorite-granodiorite porphyry stock (the Xinwuli stock) in the middle (Fig. 2) . The country rocks consist of limestone and dolomitic limestone, mainly of Triassic age and some Permian, which have been transformed into marble forming a 400-to 1,200-m-wide thermal metamorphic aureole around the intrusion FLUID EVOLUTION TONGLING, ANHUI, CHINA 951 0361-0128/98/000/000-00 $6.00 951 FIG. 2. Geologic map of the Fenghuangshan ore field, showing the Xinwuli granodiorite-granodiorite porphyry stock intruding a northeast-trending synclinorium and the distribution of six mineral deposits along the contact zone of the intrusion. (Liu and Peng, 2004) . Six Cu-Fe-Au deposits occur near the contact zone of the Xinwuli stock, including the Fenghuangshan, Jiangjiachong, Qingshuitang, Xianrenchong, Tieshantou, and Baoshantao deposits (Fig. 2) .
The Xinwuli stock has an approximately rounded shape and an exposed area of some 10 km 2 , mainly consisting of granodiorite in the center and granodiorite porphyry at the margin. The granodiorite is composed of plagioclase (53.5%), Kfeldspar (14.5%), quartz (20%), hornblende (10%), and biotite (2%). The K-Ar isotope ages of biotite from the main intrusive phase vary from 119 to 133 Ma (Wu et al., 1996) .
A few quartz monzodiorite porphyry stocks occur in the surrounding areas and within the Xinwuli intrusion on the surface (Fig. 2) . The rock is composed of plagioclase (58.5%, both as phenocrysts and in matrix), K-feldspar (16.5%, mainly in the matrix), quartz (12%, mainly in the matrix), hornblende (10%, as phenocrysts), and biotite (3%, as phenocrysts). No direct crosscutting relationship between the granodiorite-granodiorite porphyry and the quartz monzodiorite porphyry was observed due to intensive weathering and vegetation, but elsewhere in the Tongling district it has been determined that the quartz monzodiorite porphyry is slightly later than the granodiorite (Anhui Bureau of Geology and Mineral Resources, 1987) . In underground workings and drill cores, it has been observed that quartz monzodiorite porphyry dikes related to a quartz monzodiorite porphyry stock (lower right corner of Fig.  3 ) cut the skarn that was formed from the granodiorite-granodiorite porphyry intrusion, indirectly supporting that the quartz monzodiorite porphyry is younger than the granodiorite. A few syenite porphyry and porphyritic diabase dikes also occur in the area (Fig. 3) , crosscutting the granodiorite-granodiorite porphyry and quartz monzodiorite porphyry.
The ore-bearing strata in the Fenghuangshan deposit are the Lower Triassic Yinkeng, Helongshan, and Nanlinghu 952 LAI ET AL.
0361-0128/98/000/000-00 $6.00 drill hole that intersects the porphyry-related orebodies FIG. 3. Surface geologic map of the Fenghuangshan deposit, showing local geology and the distribution of mineralization along the contact zone of the granodiorite porphyry. Also shown is the drill hole near the quartz monzodiorite porphyry stock (ZK01) which intersects both skarn-and porphyry-related mineralization at depth and from which most of the samples for fluid inclusion study were collected.
Formations. The Yinkeng Formation consists of calcareous shale with interlayers of limestone, and the Helongshan Formation is composed of limestone, marl, and calcareous shale. The Nanlinghu Formation is divided into two parts: the lower part is made up mainly of thin-to intermediate-bedded limestone with interlayers of nodular limestone, and the upper part comprises intermediate to thick-bedded limestone (Anhui Bureau of Geology and Mineral Resources, 1987) .
Skarn is developed at the contact zone between the granodiorite porphyry and the country rocks, with a width of up to 100 m (Fig. 3) . The skarn is composed of garnet, diopside, wollastonite, actinolite-tremolite, chlorite, quartz, calcite, and epidote. Most of the skarn resulted from replacement of carbonate rocks (exoskarn), and some are developed within the granodiorite porphyry intrusion (endoskarn). A detailed study of the zonation of skarns has not been carried out yet.
The majority of Cu-Fe-Au mineralization occurs in skarn, with the orebodies following the contact between skarn and the granodiorite porphyry ( Fig. 3) and locally controlled by faults. The orebodies are composed of magnetite, chalcopyrite, pyrite, siderite, bornite, sphalerite, galena, and the gangue minerals garnet, diopside, actinolite-tremolite, wollastonite, chlorite, quartz, calcite, and epidote. The mineralization is characterized by massive magnetite and siderite replacement of skarn, overprinted by veinlets and dissemination of chalcopyrite and bornite (Fig. 4A) .
A number of breccia bodies ranging from a few meters up to 200 m occur near the contact zone (Fig. 3) , and some of them are mineralized. The fragments in the breccias range from less than 1 to more than 50 cm in size and consist of marble, skarn, quartz, chalcopyrite, bornite, pyrite, magnetite, and siderite ( Fig. 4B ) in a matrix of quartz, calcite, chalcopyrite, bornite, and sphalerite. The occurrence of mineralized skarn as fragments in some of the breccia suggests that the formation of the breccia bodies is partly postmineralization.
A minor type of mineralization occurs as veinlet-disseminated (locally massive) chalcopyrite and bornite (Fig. 4C ) in quartz monzodiorite porphyry, which crosscut the skarn (Fig.  4D ). Individual skarn mineral crystals and fine banding textures are truncated at the contact, indicating that the quartz monzodiorite porphyry is younger than the skarn. The mineralization is mainly limited in the porphyry but locally extends into the skarn. Because the skarn and associated mineralization are related to the granodiorite-granodiorite porphyry intrusion, which is slightly older than the quartz monzodiorite porphyry (Anhui Bureau of Geology and Mineral Resources, 1987) , the mineralization associated with the quartz monzodiorite porphyry likely represents a second episode of mineralization in the Fenghuangshan deposit, although, thus far, this is recognized only locally.
Petrography and Paragenesis
The barren skarn is mainly composed of massive garnet with minor diopside, wollastonite, and calcite. These minerals are replaced by an assemblage of actinolite, tremolite, epidote, and chlorite (Fig. 4E ). In the ore skarn, magnetite commonly replaces wollastonite as radial pseudomorphs and is cut by quartz and pyrite veinlets (Fig. 4F) . Magnetite is also replaced by an assemblage of siderite, quartz, pyrite, and chalcopyrite, which in turn is cut by chalcopyrite, quartz, and calcite veinlets (Fig. 4G) .
In the ore within the quartz monzodiorite porphyry, the porphyry is replaced by a mosaic of quartz and chlorite (silicification and chloritization, Fig. 4C ), which is locally cut by veinlets of a new generation of garnet. This kind of garnet is distinguished from that in the barren skarn by its clearer appearance and usually more euhedral crystal shape. The clear garnet is also developed in skarn near the quartz monzodiorite porphyry, where it postdates the older dark garnet and is followed by chalcopyrite filling the residual vugs (Fig. 4H) . Chalcopyrite occurs as fillings in the residual vugs in the garnet veinlets (Fig. 4H) . Veinlets of chalcopyrite and bornite with minor quartz, pyrite, and calcite transect silicified and chloritized porphyry (Fig. 4C) and, in places, extend into the skarn which is cut by the porphyry. Locally the copper mineral assemblage is cut by calcite veinlets.
From the crosscutting relationships described above, the formation of the Fenghuangshan deposit is divided into two episodes: the mineralization in the skarn (episode A) and the mineralization in the quartz monzodiorite porphyry (episode B). Episode A is subdivided into five stages (A1-A5), and episode B into four stages (B1-B4), as illustrated in Figure 5 and described below.
Stage A1 is characterized by anhydrous skarn minerals (garnet, diopside, and wollastonite) and calcite. Stage A2 is represented by an assemblage of actinolite, tremolite, epidote, and chlorite, which cuts and replaces the minerals of stage A1. Stage A3 is represented by the formation of magnetite as the main mineral. Stage A4 is the main ore stage and is characterized by the formation of chalcopyrite and bornite, together with siderite, quartz, pyrite, and calcite. Minor chalcopyrite and bornite occur in stage A5, which is characterized by the predominance of calcite rather than quartz, with other sulfide minerals such as pyrite, sphalerite, and galena.
Stage B1 is represented by silicification and chlorite alteration, and stage B2 is represented by the formation of clear and euhedral garnet. Stage B3 is the main stage of mineralization in the quartz monzodiorite porphyry, characterized by veinlets of chalcopyrite and bornite with a little quartz, calcite, sphalerite, and pyrite. Stage B4 is represented by minor calcite veinlets.
Fluid Inclusion Microthermometry
Twenty doubly polished thick sections (60-100 µm thick), representing different ore types and stages, were prepared for fluid inclusion study. Nine of them were selected for heating and freezing measurements, and 252 fluid inclusions were measured. The locations of the nine samples studied are listed in Appendix 1. Five of these samples are from drill ZK01 (Fig.  3) , which intersects both mineralization associated with the skarn and the quartz monzodiorite porphyry. These samples, with well-developed inclusions in garnet, quartz, and calcite, provide information on the physicochemical conditions of mineralization during the two mineralization episodes and seven of the paragenetic stages (A1, A4, A5, B1, B2, B3, and B4).
Methods
Temperatures of total liquid-vapor homogenization, CO 2 homogenization, dissolution of salt daughter crystals, and the final melting of clathrates and ice were measured with a USGS-style heating and/or freezing stage. The stage has a maximum temperature limit of 600ºC and was calibrated using synthetic fluid inclusions, with precisions of ±1.0ºC for heating and ±0.3ºC for freezing.
Salinities of halite-undersaturated fluid inclusions, reported as wt percent NaCl equiv (wt % NaCl equiv), were calculated from final ice-melting temperatures using the equation of Bodnar (1993) in the computer program Package FLUIDS 1 (Bakker, 2003) , although the temperatures of incipient melting (<-21.2ºC) imply that some of the inclusions may contain KCl and/or CaCl2. For halite-saturated fluid inclusions (with daughter minerals of halite ± sylvite), the equations of Sterner et al. (1988) and Bodnar et al. (1989) in FLU-IDS 1 (Bakker, 2003) were used to calculate the concentrations of NaCl and KCl in fluid inclusions. Wt percent NaCl equiv was calculated for H2O-NaCl-CO2 inclusions with the program of FLINCOR (Brown, 1989) , using the equation of Brown and Lamb (1989) . CaCl2/(NaCl-CaCl2) ratios and salinities of fluid inclusions approximated by the H2O-NaCl-CaCl2 system were calculated using the program of Chi and Ni (2007) .
Types of fluid inclusions
Four types of fluid inclusions have been recognized in garnet, quartz, and calcite, and each type is further divided into several subtypes (Fig. 6 ).
Type I fluid inclusions are liquid rich and contain daughter minerals. Five subtypes are recognized based on the number and the types of daughter minerals. Subtype Ia consists of aqueous inclusions with an intermediate-sized bubble and a halite daughter mineral. Subtype Ib is similar to Ia but contains one or more opaque daughter mineral(s) that do not dissolve on heating. Subtypes Ic and Id are similar to subtypes Ia and Ib, respectively, but contain both halite and sylvite. Subtypes Ia, Ib, Ic, and Id homogenize by dissolution of salts followed by disappearance of the vapor phase, and subtype Ie is distinguished from the others by vapor disappearance before halite dissolution. Fluid inclusions of subtypes Ia, Ib, Ic, and Id occur in garnet and calcite of stages A1 and B2, whereas subtype Ie occurs in quartz of stage B1.
Type II fluid inclusions are vapor rich, with or without daughter minerals, and homogenize by expansion of the vapor phase. Three subtypes are recognized based on the different daughter minerals. Subtype IIa does not contain daughter minerals, subtype IIb contains one or more opaque daughter mineral(s), and subtype IIc has a halite crystal, with or without opaque daughter minerals. This type of inclusion is commonly accompanied by type I inclusions (subtypes IaId) in stage A1 and also locally occurs in stages A4 and B4 together with type III inclusions.
Type III inclusions are liquid rich and do not contain daughter minerals. They are present widely in quartz and calcite of stages A4, A5, B1, B3, and B4.
Type IV inclusions are carbon dioxide bearing and include four subtypes based on the phase assemblages and homogenization behavior. Subtype IVa contains two carbon dioxide phases (liquid and vapor, which homogenize to liquid or vapor) and an aqueous phase at room temperature and homogenizes by disappearance of the CO2 phase. Subtype IVb is characterized by a large carbon dioxide bubble (one or two phases) and a minor aqueous phase at room temperature, with total homogenization by expansion of the CO2 phase. Subtype IVc inclusions are distinguished from type IVa and IVb in that the CO2 portion remains a single phase on cooling. Subtype IVd is carbonic without a visible aqueous phase. Many subtypes (IVa, IVb, and IVd) contain an opaque solid mineral which has been identified as chalcopyrite (Lai and Chi, 2007 
Occurrences of fluid inclusions in different stages
Fluid inclusions are abundant in stage A1 garnet and calcite. The fluid inclusions in garnet are commonly isolated, 5 to 20 µm in diameter, and round or irregular in shape, whereas those in calcite are clustered, commonly less than 10 µm in size, and have a negative crystal shape. In addition to containing one or more large daughter minerals in most inclusions, the fluid inclusions of stage A1 are characterized by variable vapor/liquid ratio, belonging to types I and II (Figs.  7A, B, 8 ). Both type I and II fluid inclusions in garnet and calcite are considered as primary inclusions.
There are no fluid inclusions suitable for study in minerals of stages A2 and A3 (actinolite, epidote, chlorite, and magnetite). In stage A4, aqueous inclusions (type III) were found clustered in quartz, showing similar vapor content (Figs. 7C,  8) ; they are interpreted as primary inclusions. Fluid inclusions with variable vapor content (Figs. 7D, E, 8) are also present in healed fractures (secondary inclusions) in stage A4 quartz, which occurs as fragments in stage A5 breccia. Calcite formed in stage A5 contains a few isolated (primary) aqueous inclusions (type III), most of which are less than 10 µm in size and have uniform vapor content.
Fluid inclusions from quartz in stage B1 comprise three types: Ie, III, and IV. Type Ie is isolated and locally clustered, less than 15 µm in diameter, and commonly has a large opaque daughter mineral (Figs. 7F, 8) . Types III and IV are isolated or in trails (Figs. 7G, 8) , contain daughter minerals of chalcopyrite, and occur near stage B3 veinlets. Type Ie inclusions are interpreted as primary inclusions, and types III and IV are secondary.
Stage B2 inclusions hosted in garnet are isolated and belong to subtype Ia (Fig. 8) Figs. 7H, 8) . All the inclusions studied in stages B2, B3, and B4 are considered as primary inclusions.
Microthermometric results
The microthermometric data of fluid inclusions from seven mineralization stages are listed in Appendices 2 to 4 according to inclusion type. The measurements include temperatures of salt dissolution (T s(hal) or T s(syl) ), melting of ice (T m(ice) ), hydrohalite (T m(hh) ), and clathrate (T m(cla) ), CO 2 homogenization (T h(c) ), and total homogenization (T h ), depending on the types of inclusions. Incipient melting temperatures (T i ) were measured for some type III inclusions (App. 3), and melting temperatures of CO 2 (T m(CO 2 ) ) were measured for type IV inclusions (App. 4). The microthermometric results for each mineralization stage are summarized in Table 1 Abbreviations: Ti = incipient melting temperature, Tm(CO 2 ) = melting temperature of CO2, Tm(hh) = melting temperature of hydrohalite, Tm(ice) = final melting temperature of ice, Th(CO 2 ) = homogenization temperature of CO2, Ts(hal) = dissolution temperature of halite, Ts(syl) = dissolution temperature of sylvite, Th = homogenization temperature, V = vapor, L = liquid, p = primary, s = secondary among which 58 homogenize to the liquid phase (type I) and 12 homogenize to the vapor phase (type II). Among the type I inclusions, 26 homogenize at temperatures from 455º to 580ºC, and 32 do not homogenize up to 600ºC (Table 1 , App. 2, Fig. 9A ). The homogenization temperatures of type II inclusions range from 478º to >600ºC. The dissolution temperatures of halite in 41 inclusions that contain one daughter mineral (halite) range from 339º to 498ºC, with calculated salinities from 41.4 to 59.5 wt percent NaCl equiv. Ten inclusions contain both halite and sylvite, with their dissolution temperature ranging from 334º to 437º and 165º to 428ºC, respectively, and calculated total salinities from 41.9 to 71.5 wt percent NaCl + KCl (Table 1, App. 2, Fig. 9B ).
In calcite, 25 inclusions homogenize to liquid (type I) at 448º to >600ºC (7 more than 600ºC), of which 13 had halite dissolution temperatures from 373º to 453ºC, with calculated salinities from 45.2 to 53.6 wt percent NaCl equiv. Eight inclusions homogenize to vapor (type II) in the range from 520º to >600ºC (Table 1 , App. 2, Fig. 9A ).
Stage A4: Type III fluid inclusions are found in stage A4 quartz as isolated inclusions and trails of inclusions. The isolated inclusions are characterized by uniform vapor content, having homogenization temperatures from 222º to 325ºC, first melting temperatures of -27º to -48ºC, and final icemelting temperatures of -14.8º to -8.0ºC, with calculated salinities ranging from 11.7 to 18.5 wt percent NaCl equiv. The inclusions in the trails show variable vapor content and have a relatively wide range of homogenization temperatures from 75º to 250ºC, and ice-melting temperatures of -4.7º to -2.8º, with calculated salinities from 4.7 to 7.7 wt percent NaCl equiv (Table 1, App. 3, Fig. 9 ).
Stage A5: A few inclusions, of type III, were studied in calcite of stage A5. The homogenization temperatures range from 122º to 145ºC, and the ice-melting temperatures range from -8.6º to -4.0ºC, with calculated salinities from 6.4 to 12.4 wt percent NaCl equiv (Table 1, App. 3, Fig. 9 ).
Stage B1: Three types of inclusions (Ie, III, and VI) are present in quartz of stage B1. The temperatures of vapor disappearance of subtype Ie inclusions mostly range from 226º to 318ºC (except one at 50.6ºC), and the temperatures of halite dissolution temperatures range from 377º to 482ºC. The salinities calculated by halite dissolution temperatures are 45.0 to 57.4 wt percent NaCl equiv (Table 1, App. 2, Fig. 9 ). The inclusions of type III and IV, interpreted as secondary inclusions, occur together and both exhibit wide ranges of microthermometric attributes. Type III inclusions have a wide range of homogenization temperatures from 122º to >500ºC, although half of them are clustered in the range of 150º to 300ºC. The incipient melting temperatures were observed mostly from -40º to -75ºC and the final ice-melting temperatures are from -34.2º to -3.3ºC, equivalent to salinities from 5.4 to 27.2 wt percent NaCl equiv (Table 1, App. 3, Fig. 9 ). One measured ice-melting temperature of -23.4ºC and hydrohalite melting temperature of -35ºC indicate a CaCl2/ (NaCl-CaCl2) ratio of 0.79. The inclusions of type IV are characterized by the presence of CO 2 phases. The melting temperatures of CO2 vary from -56.2º to -59.2ºC. For the CO2 portion, among the 40 inclusions of this type studied, four show critical homogenization behavior at temperatures of 29.3º to 29.5ºC, 11 homogenize to liquid phase at 15.3º to 29.1ºC, 19 homogenize to vapor phase at 21.6º to 30.1ºC, and the other six did not show phase changes at temperatures down to -20ºC (Table 1 , App. 4, Fig. 9 ). Some of the aqueous CO2 inclusions homogenize by the expansion of carbonic phase at the temperatures from 224º to >500ºC, and some show reduction of the carbonic phase at elevated temperatures (>360ºC). Those with CO2 homogenizing to liquid commonly decrepitate at around 330ºC prior to homogenization. The final clathrate-melting temperatures are from -9.2º to +10.4ºC, from which the salinities are calculated as 4.6 to 21.3 wt percent NaCl equiv (except for the measured temperature at 10.4ºC, which is out of the range for the H 2O-NaCl-CO2 system). Stage B3: A few type III inclusions occur in calcite and quartz in stage B3. The homogenization temperatures range from 198º to 306ºC. The first melting temperatures was observed at -50ºC, two hydrohalite-melting temperatures are -23.2º and -25.6ºC, and final ice-melting temperatures range from -10.3º to -10.2ºC, which give salinities between from 14.2 and 14.3 wt percent NaCl equiv (Table 1, App. 3, Fig. 9 ). CaCl 2 /(NaCl-CaCl 2 ) ratios were calculated at 0.23 to 0.55.
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Stage B4: Fluid inclusions in stage B4 calcite are mainly of type III and homogenize to the liquid phase at the temperatures of 131º to 247ºC. The final ice-melting temperatures are between -2.0º and -7.2ºC, corresponding to salinities of 3.4 to 10.7 wt percent NaCl equiv (Table 1, App. 3, Fig. 9 ).
Thermal and Compositional Evolution of the Hydrothermal Systems
The petrographic and microthermometric data of fluid inclusions described above indicate that different types of fluids were present during different episodes and stages in the formation of the Fenghuangshan Cu-Fe-Au deposit (Fig. 8 ).
There is a clear trend of decreasing temperatures and salinities from early to late stages in both mineralization episodes (Figs. 10, 11) . The evolution of the fluids in terms of composition, temperature, and pressure (Figs. 10, 11, Table 2 ), and the significance for Cu-Fe-Au mineralization, are discussed below.
The fluid composition of stage A1 may be approximated by H 2 O-NaCl-KCl, as suggested by the presence of halite and sylvite daughter minerals in type I inclusions. The high salinities of type I inclusions (41.9-71.5 wt % NaCl + KCl; App. 2, Fig. 9B ) likely resulted from boiling, as suggested by the coexistence of type I and II fluid inclusions, both interpreted as primary inclusions. The wide range of T h values (448º to >600ºC for type I and 478 º to >600ºC for type II) likely reflects heterogeneous trapping, therefore the lowest T h values within individual minerals, which range from 448º to 506ºC (Table 2) , are taken to represent the trapping temperatures (Roedder and Bodnar, 1980; Diamond, 2003; Lu et al., 2004) . The fluid pressures in this temperature range are estimated to have been 423 to 671 bars, using the equation of Brown and Lamb (1989) in the FLINCOR program (Brown, 1989 ; Table 2 ). These pressures correspond to a depth of 4.3 to 6.8 km if a hydrostatic regime is assumed or 1.6 to 2.5 km for a lithostatic pressure system (rock density = 2.7 g/cm 3 ). According to regional geologic data (Chang et al., 1991) , there are no Jurassic and Cretaceous strata in the study area, and the thickness of the Triassic strata above the bottom of the Nanlinghu Formation is about 900 m. A greater thickness may be estimated if structural shortening is considered, but this is probably not more than 2,000 m. Therefore, the fluid inclusion data are broadly compatible with a lithostatic system at a depth of about 2 km.
A change of fluid composition from H 2 O-NaCl-KCl (stage A1) to H 2 O-NaCl-CaCl 2 (stage A4) is indicated by the incipient melting temperatures lower than -40ºC of type III inclusions in quartz of stage A4, which also have relatively low salinities (11.7-18 .5 wt % NaCl equiv) compared to stage A1. The homogenization temperatures (222º-325ºC) of primary type III inclusions are interpreted as the minimum temperatures, as there are no coexisting vapor-rich inclusions.
A further decrease in temperature and salinity in stage A5 is recorded by type III fluid inclusions in calcite, which shows homogenization temperatures from 122°to 131ºC and salinities from 6.4 to 12.4. The fluid system may be still of the H 2 ONaCl-CaCl 2 type, as indicated by precipitation of calcite, although low incipient melting temperatures as in stage A4 were not observed.
A similar trend of decreasing temperature and salinity from early to late stages is also observed for the mineralization of episode B. The stage B1 fluids are represented by type Ie fluid inclusions, which have a halite daughter mineral that dissolves at temperatures from 377º to 482ºC (higher than vapor disappearance temperatures of 226º-318ºC), giving salinities from 45.0 to 57.4 wt percent NaCl equiv. The fluid may be of the H 2 O-NaCl-KCl type, although no sylvite daughter mineral was seen. The minimum trapping temperatures are constrained by the halite dissolution temperatures, and the pressures are calculated at 1,316 to 6,522 bars ( Table  2 ). The upper part of this pressure spectrum is unrealistically high, which may be partly caused by inaccuracy of the equation of state recommended for use below 3,000 bars (Brown, 1989) . However, even the lower pressure (1,316 bars) is significantly higher than the pressures in stage A1 (423-671 bars). Because there is no evidence of increasing depth from the skarn mineralization episode to the porphyry mineralization episode, the pressure increase from A1 to B1 is interpreted as a change of pressure regime from lithostatic to supralithostatic, probably related to rapid exsolution of magmatic fluids from the quartz monzodiorite porphyry intrusion (first boiling).
Stage B2 fluids are similar to those of stage B1 in that the fluid inclusions are characterized by the presence of a halite daughter mineral, and the fluid may be still of the H 2 O-NaClKCl type. However, the fluid inclusions homogenize by disappearance of the vapor (250º-435ºC) after dissolution of the halite (222º-307ºC), thus the minimum trapping temperatures and pressures are lower than stage B1. Since stage B1 is interpreted to be in a supralithostatic regime, which cannot be sustained for a long period, it is likely that the fluid regime returned to lithostatic in stage B2.
Significant changes in fluid compositions and thermal conditions took place from stages B2 to B3, which are most closely related to Cu-Au mineralization. Primary fluid inclusions (type III) in stage B3 calcite and quartz show a first melting temperature of -50°C, indicating an H 2 O-NaClCaCl 2 system. Salinities (14.2-14.3 wt %) and homogenization temperatures (198º-306ºC) are significantly lower than in the previous stages. Besides these primary inclusions, some secondary fluid inclusions (types III and IV) occurring in stage B1 quartz (Fig. 8) , which is spatially associated with chalcopyrite veinlets, are interpreted to represent fluids that were present during mineralization in stage B3. The type IV inclusions, characterized by the presence of carbonic components and chalcopyrite daughter minerals, may represent a metal-carrying vapor entering the site of mineralization and mixing with the fluid represented by type III fluid inclusions (Lai and Chi, 2007) . The wide range of total homogenization temperatures of type IV inclusions (224º->500ºC) most likely resulted from heterogeneous trapping, and the variation of CO 2 homogenization temperatures (App. 4) suggests significant pressure fluctuation during mineralization. Using the homogenization temperatures of type III inclusions in the same host mineral (122º-362ºC) to approximate the trapping temperature, and the isochores of CO2 inclusions without a visible aqueous phase, which possibly represent homogeneous trapping of the immiscible carbonic fluid, the fluid pressure is estimated to have been 120 to 411 bars. It must be pointed out, however, that the CO2-bearing fluid is probably of only local significance in terms of copper mineralization, because type IV inclusions are limited.
Fluids of stage B4 are characterized by a further decrease in temperature and salinity, as recorded by primary fluid inclusions in stage B4 calcite, with homogenization temperatures from 137º to 247ºC and salinities from 3.4 to 10.7 wt % NaCl equiv.
The compositional change from an H2O-NaCl-KCl to an H2O-NaCl-CaCl2 system may be related to CaCl2 release during calc-silicate precipitation in the process of skarn formation (Kwak and Tan, 1981) and/or addition of basinal fluids from the sedimentary rocks, which typically have an H2O-NaCl-CaCl 2 composition. The trend of cooling and decreasing salinity with time in both mineralization episodes probably reflects a change from a magmatic fluid-dominated to a system involving meteoric water. Such trends have been observed in many porphyry and skarn systems (Roedder, 1984) and have been interpreted either as cooling of magmatic fluids (e.g., Meinert et al., 2003) or mixing with meteoric water (e.g., Singoyi and Zaw, 2001 ). The fluid inclusions that contain salt daughter minerals in stages A1, B1, and B2 likely represent the magmatic fluids emanating from the magmatic intrusions. Such fluid inclusions are common in porphyry copper and skarn deposits (Roedder, 1984; Meinert et al., 2005) . Chang and Meinert (2004) have also interpreted salt daughter minerals and chalcopyrite-bearing fluid inclusions entrapped in quartz phenocrysts as samples of the magmatic fluids in the magmatic-hydrothermal transition stage. The aqueous inclusions in stages A4, B2, and B3 with very low initial melting temperatures (<-50ºC) and moderate salinities probably resulted from mixing with formation water from the country rocks, and the aqueous fluid inclusions in the final stages (A5 and B4) with the lowest salinities are likely the result of mixing of meteoric water and more saline fluids inherited from the previous stages, indicating the collapse of the hydrothermal system in the final stage (Corbett and Leach, 1998) . The CO2-bearing fluid may have been derived from a deeply seated magma intruding carbonate rocks.
The main stage of mineralization in both episodes coincides with the development of fluid inclusions without daughter minerals of salt (Fig. 8) , suggesting that sulfide precipitation did not take place until the system was diluted by fluids with lower salinities and cooled below certain temperatures. This is in contrast to many porphyry Cu systems, in which ore minerals were precipitated from high-temperature (~400º-800ºC), high-salinity (~40->60 wt % salts), boiling fluids (Roedder, 1984) . However, it is notable that the fluid inclusions hosted in minerals formed before sulfide mineralization (i.e., stages A1, B1, and B2) commonly contain opaque daughter minerals inferred to be sulfides. Roedder (1984) also noted that in skarn deposits, daughter mineral-bearing (including sulfides) fluid inclusions are generally found in barren skarn minerals rather than in ore-related minerals. These observations suggest that the initial magmatic fluids contained metals, but these were not precipitated in the early stages of the hydrothermal system. The fluid inclusion data suggest that, although the mineralization was directly associated with fluids of relatively low salinities, the ore-forming components were derived from the precursor high-salinity, high-temperature magmatic fluids. Mixing of the ore-bearing magmatic fluids with fluids of lower temperature and salinity, which may have been derived from the country rocks and from the surface, was responsible for the precipitation of the ore minerals.
Conclusions
The formation of the Fenghuangshan Cu-Fe-Au deposit is divided into two episodes, a mineralization developed in skarns related to a granodiorite-granodiorite porphyry intrusion, overprinted by minor mineralization associated with a quartz monzodiorite porphyry stock. The first mineralization episode is divided into five stages (A1-A5) and the second one into four (B1-B4), with the main stages of sulfides mineralization being A4, A5, and B3. Fluid inclusions in the presulfide stages (A1, B1, and B2) are characterized by the presence of one or more daughter minerals, whereas those in ore 962 LAI ET AL.
0361-0128/98/000/000-00 $6.00 962 Fluid component Na-K Na-Ca Na-(Ca) Na-(K) Na-(K) Na-Ca-CO2 Na-(Ca) Salinity (wt % NaCl equiv) 41. 4-71.5 11.7-18.5 6.4-12.4 45.0-57.4 33.0-38.7 4.6-27.2 3.4-10.7 stages (A4, A5, and B3) are simple aqueous inclusions. The ore-forming components are likely derived from the magmatic fluids, as indicated by opaque daughter minerals in the early-stage fluid inclusions. Both mineralization episodes are characterized by decreasing temperatures and salinities from early to late stages, consistent with the change from a magmatic fluid-dominated system to one invaded by fluids from the country rocks and meteoric water. Sulfide precipitation took place as a result of cooling due to mixing between the magmatic and externally derived fluids. Abbreviations: C = critical, D = decrepitation, C/T = carbonic/total ratio, L = liquid, Miner. stage = mineralization stage, Tm(CO 2 ) = melting temperature of CO2, Thc = part homogenization temperature of CO2, Th = homogenization temperature, V = vapor
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